Abstract The density of 15-crown-5 ether (15C5) solutions in the mixtures of N,Ndimethylformamide (DMF) and water (H 2 O) was measured within the temperature range 293.15-308.15 K using an Anton Paar oscillatory U-tube densimeter. The results were used to calculate the apparent molar volumes (V U ) of 15C5 in the mixtures of DMF ? H 2 O over the whole concentration range. Using the apparent molar volumes and Redlich and Mayer equation, the standard partial molar volumes of 15-crown-5 were calculated at infinite dilution (V m ). The limiting apparent molar expansibilities (a) were also calculated. The data are discussed from the point of view of the effect of concentration changes on interactions in solution.
Introduction
Studies of the properties of solutions connected with their density within a wide range of concentration and temperatures are a valuable source of information. The volumetric functions and the temperature coefficient of expansion make it possible to know not only the physical properties of the solute and solvent under investigation, but they can also be used to verify changes occurring in the solution structure brought about by intermolecular interactions [1] [2] [3] [4] [5] [6] [7] .
In our measurements solutions of 15C5 in DMF ? H 2 O mixtures were used. The special properties of water can be changed under the influence of a substance dissolved in it. Depending on the hydrophobic-hydrophilic properties of the solute, the three-dimensional network of hydrogen bonds can be reinforced or weakened, which may show itself in changes in the density of aqueous solutions (molar volume) and changes in chemical potential [8] .
The investigation of changes in the interactions among the components of mixed solvent and solute with hydrophobic-hydrophilic properties requires one to choose an organic solvent that does not specifically react with water. This will allow one to observe changes in the interactions among the mixture components and solute, brought about by the process of preferential solvation including the hydrophobic hydration of the solute. This requirement is met by N,N-dimethylformamide (DMF). Its molecules have groups with hydrophilic and hydrophobic properties that are almost mutually compensated, which makes them a convenient object for investigations in a mixture with water [9] . DMF is used as model substance for investigation the interactions of small biological molecules serving as a model compound for protein [10] . The amide group can serve as a model of the peptide bond, and interactions between hydroxyl and amide groups play an important role in the solvation of peptides in aqueous solutions [11] .
Crown ethers constitute a very interesting class of compounds characterized by hydrophilic-hydrophobic properties resulting from their structure. Therefore they are capable of selective complexation of ions and small organic molecules; thus, for example, they are used to make ion selective electrodes [12] .
One can find many studies more or less successfully describing the effect of crown ether molecules on the interactions in mixed aqueous-organic and organic-organic solvents. Such studies have been carried out by means of various experimental techniques [13] [14] [15] [16] [17] [18] [19] . In the literature, there are few papers on the volumetric properties of crown ethers in water or in mixtures of water with an organic solvent [16, 20] .
In this paper we present the effect of the mixed solvent composition and temperature on the volumetric properties of the system 15C5 ? DMF ? H 2 O. The data are compared with analogous results previously obtained for the solutions of urea (a hydrophilic compound) in the mixtures of DMF and water [21] .
Experimental and Method

Materials
15-crown-5 (Aldrich, w = 0.98) was used as received. DMF (Aldrich, mass fraction = 0.99) was purified and dried according to the procedures described in the literature [22, 23] and distilled under vacuum. Water content, determined by the Karl Fisher method, was lower than 0.01 %. To prepare aqueous solutions, triple-distilled and degassed water was used.
Measurements
The densities of the 15C5 solutions within the whole concentration range of mixed solvent, at temperatures T/K = 293. 15, 298.15, 303.15 and 308.15, were measured with the use of an Anton Paar densimeter, model DMA 5000 with an oscillatory U-tube, whose uncertainty of density and temperature measurements are ±5 9 10 -3 kgÁm -3 and ±0.01 K, respectively, and the temperature stability is ±0.005 K. The densimeter was calibrated with the use of pure water. The obtained value of water density equal to 997.046 kgÁm -3 at a temperature of 298.15 K is in agreement with the literature data [24] . The mixed solvent DMF ? H 2 O and solutions of 15-crown-5 in DMF ? H 2 O were prepared by weight using electronic balances with an accuracy of ±1 9 10 -2 and ±1 9 10 -5 g, respectively. The values of experimental densities of pure N,N-dimethylformamide are compared with literature data and collected in Table 1 . The values of the solution densities obtained as a function of molality, m (m expressed as moles of 15-crown-5 per kilogram of solvent) at investigated temperatures, are presented in Table 2 .
Results and Discussion
Using the density values of 15-crown-5 (15C5) in DMF ? H 2 O mixtures (Table 2) , the apparent molar volume of 15C5 in DMF ? H 2 O mixtures was calculated using Eq. 1:
where M is a molar mass of 15C5, q o is the density of DMF ? H 2 O mixtures, q indicates the density of the 15C5 ? DMF ? H 2 O system and m is the concentration of 15C5 in moles per kilogram of solvent. The dependence of V U on the solute molality, V U = f(m), can be described by Eq. 2:
Equation 2 is a special case of the dependence proposed by Redlich and Meyer [33] :
where S V and b V are empirical parameters. The parameter S V is connected with the interaction of ions in solution, which can be calculated from Debye-Hückel's limiting law. For solutions of nonelectrolytes, S V = 0 [34] . The parameter b V provides information about the character of interactions of solute molecules between themselves. b Marchetti et al. [26] c Sharlin et al. [27] d Tôrres et al. [28] e Bakshi et al. [29] f Bendová et al. [30] g Tong-Chun et al. [31] h Akhtar et al. [32] The values of b V obtained as a function of the molar fraction of water are listed in Table 3 . Considering the considerable standard deviations of the values of b V , these values will be discussed in qualitative terms. Up to x 2 = 0.9 the values of b V are positive. In the mixture with high water content, i.e. x 2 [ 0.9, these values are negative. The negative sign of coefficient b V reflects the hydrophobic properties of 15C5 molecules [35, 36] . As can be seen the values of b V decrease with increasing water content in the mixtures. This means that the interactions between the molecules of solute are becoming stronger [37, 38] . This is consistent with hydrophobic hydration of 15C5 molecules in aqueous medium and their enclosure in clathrate-like water structures.
For urea [21] the decreasing values of V U with increasing urea content in the mixture testify to the existence of increasing short range attractions between urea molecules [37] . In the case of the DMF ? H 2 O ? urea system, the values of b V are negative but they x 2 is the mole fraction of water in the mixture become less negative with increasing water content in the mixtures, which indicates hydrophilic properties of urea and that the solute-solute interactions have become weaker [21] . The values of the standard partial molar volume, V m (V U = V m ), of 15C5 obtained by the extrapolation of V U data are presented in Table 4 and in Fig. 1 as a function of the molar fraction of water. The same figure also shows the values of the standard partial molar volume of urea with hydrophilic properties within the same range of concentrations and temperatures that were published in our previous paper [21] . As is seen in Fig. 1, for 15C5 showing hydrophobic properties, the values of the standard partial molar volume in the mixture of DMF and water are considerably higher than those of urea. This difference also directly results from the considerable differences in the molecular sizes of the compounds. Analyzing the dependence V m ¼ f x 2 ð Þ for 15C5, we observe an increase in the partial molar volume with increasing water content in the mixtures up to x 2 & 0.4. This is probably due to the interactions between the polar groups of DMF and water. In a solution with low water content, the interactions between DMF and water molecules dominate. Some authors [11, [42] [43] [44] [45] [46] [47] [48] [49] [50] proposed the possibility of clathrate or complex formation (DMF•(H 2 O) n , n = 1-4). This would be the reason that the molecules of 15C5 are mainly solvated by the organic co-solvent.
The ordering of the mixed solvent structure and the presence of 15C5 molecules solvated by DMF most probably cause an increase in the values of V m within the concentration range from x 2 = 0 to 0.4. Further increase in the water content in the mixture probably causes the organic solvent molecules to be replaced by water molecules in the solvation shell. Taking into account the fact that the addition of water, which is a polar molecule, is a highly disadvantageous process, it may be expected that the system will tend to minimize the disadvantageous interactions between solute and water molecules. As a result of this, nonpolar molecules tend to interact among themselves, thereby reducing the number of contacts with water, which results in the superposition of solvation sheaths and the release of water molecules from the solvation shell into the bulk solvent [20] . The outcome of this phenomenon is the dissolution of 15C5 showing a considerable decrease in the value of V m up to x 2 & 0.92. In a water-rich mixture, when x 2 [ 0.92, one can observe an increase in the standard partial molar volume of 15C5, which is directly caused by the phenomenon of hydrophobic hydration [39, 40] . Frank and Evans [51] have suggested that water forms cages around nonpolar solutes. The resultant structures are the cause of the formation of new or reinforcement of existing hydrogen bonds between water molecules. The aqueous medium is hostile to organic compounds, isolating them in clathrate-like cavities formed in an energetically favorable, exothermic process consisting in strengthening of hydrogen bonds among water molecules that form the hydration sheath [52] . Forming hydrogen bonds with its other molecules, water causes a geometric distribution of the hydrophobic interactions of organic molecules dissolved in it, causing the hydrophobic hydration to become a factor determining the increase in the V m values of 15C5 within this concentration range of mixed solvent. In this process of solvent structure reconstruction, the exothermic enthalpic effect increases at the expense of decrease in entropy (entropy [20] b Bernal et al. [39] c Høiland [40] d Zielenkiewicz et al. [41] becomes more negative Fig. 2 . As is seen, the shape or course of the curve of solvation enthalphy is similar to the course of partial molar volume for 15C5. The increase of both values within the DMF-rich region (0 B x 2 & 0.4) indicates difficulties in incorporating crown ether molecules into the mixed solvent structure. The increase in the exothermic enthalpic effect, above 0.92 water fraction, as it occurs in the process of crystallization, indicates an increase in the number of hydrogen bonds around the hydrophobic substance [51, 53] . This is the reason for the increasing values of V m of 15C5. Figure 1 shows a clear effect of temperature on the standard partial molar volumes of 15C5 within the whole mixture composition range. This value increases with increasing temperature as is expected. The increase in temperature weakens the interactions among molecules, through which the values of the standard partial molar volume of 15C5 are increased. In the system of DMF ? H 2 O ? urea, the course of the function V m = f(x 2 ) is different. As is seen in Fig. 1 , the values of V m for urea increase with increasing water [21] . Only within the area of x 2 [ 0.6 one can observe changes in the structure of mixed solvent brought about by the presence of urea molecules that form hydrogen bonds with water. Hydrophilic molecules of urea destroy the structure of the mixed solvent, within the water-rich region, which results in a decrease in the value of the standard partial molar volume of urea [21] .
The linear temperature dependence of the partial molar volume of 15C5 allows calculation of the limiting apparent molar expansibilities (a) using Eq. 4:
The results are presented in Table 5 and Fig. 3 . The values of limiting apparent molar expansibilities in water is in good agreement with literature data [57] . For comparison, in the same figure, data for the hydrophile urea are presented. These values were calculated using the data of the partial molar volumes of urea presented in our previous paper [21] . As in other cases, we can observe significant differences in the courses of the functions in the region x 2 [ 0.9. This reflects the differences in the hydrophobic and hydrophilic properties of molecules of 15C5 and urea.
In the low and medium water content mixtures no significant changes are observed in the course of the functions D solv H°= f(x 2 ), V m = f(x 2 ) and a = f(x 2 ) for 15C5 and urea. Worthy of attention is the behavior of those functions in the mixtures with high water content. In this area the courses of all functions for 15C5 are completely opposite to that which we observed for urea. This is due to the differences in hydrophilic and hyrophobic properties of both investigated compounds. The exothermic process of hydrophobic hydration is the reason for increasing V m values and decreasing of D solv H°and a. In the water-rich region the interaction between the urea molecules weakens, and the interaction between them and water molecules becomes important. Completely reversed behavior of all functions for urea are caused by the destruction of the mixed solvent structure [21] . 
